Introduction
The impact of early life influences on future neurodevelopmental outcomes has received increasing attention (Larroque et al., 2008) . As reported by Victora et al. (2008) and Black et al. (2008) , maternal and fetal undernutrition, resulting in smaller born babies, have longterm implications on health and human capital by affecting cognitive development (Black et al., 2008; Victora et al., 2008) . This is in concordance with other studies which showed that intelligence quotient (IQ) is consistently correlated with birth weight (Bhutta et al., 2002) . However, there are important gaps in the literature. First, most of these studies have focused on cohorts with low birth weight children rather than across the normal range. In low birth weight children there are multiple pathophysiologies that can arise that do not inform the extent to which the fetal environment within the normative range can affect cognitive potential. In the normal birth size range, the association between birth size and IQ is less conclusive. While some large population-based studies report significant relationships between IQ and birth weight across the normal range (Lawlor et al., 2006; Matte et al., 2001 ), other studies have not found such relationships (Christensen et al., 2006; Gale et al., 2004; Pearce et al., 2005; Shenkin et al., 2004; Tong et al., 2006) . Second, only a few populationbased studies have examined birth length (Gale et al., 2004; Shenkin et al., 2004; Tong et al., 2006) . Of these, no associations with IQ were found, except in 2 recent studies conducted in men (Bergvall et al., 2006; Eide et al., 2007) . Eide et al. (2007) found in a nationwide cohort study of 317.761 men that birth length, birth weight, and gestational age were all associated with intelligence measured with a standardized group intelligence test at age 18 (Eide et al., 2007) . Bergvall et al. (2006) also found an association between intellectual performance and birth length for gestational age, but focused more on the very and moderately small sized babies, rather than on the normal range (Bergvall et al., 2006) . Third, although combinations of different birth parameters provide a better measure of prenatal growth, only a few studies assessed multiple birth parameters (Gale et al., 2004; Tong et al., 2006; Walker et al., 2007) . As a consequence it is not clear which relevant features of fetal growth, as reflected by multiple birth parameters, are most closely associated with neurodevelopmental outcomes. Finally, none of these studies were conducted in Asian populations in which, probably due to ethnic genetic variations, lower birth weights are common and children are often small for their gestational ages (Kierans et al., 2008) . The aim of this study is to examine the association between birth length, birth weight and head circumference adjusted for gestational age at birth, as surrogates of intrauterine fetal growth, to childhood IQ in a large cohort of healthy Singapore children of normal birth size.
Methods

Study design and participants
A cohort of 1979 children out of 2913 Asian children (participation rate: 67.9%), was recruited from 3 'normal' schools in different parts of Singapore between November 1999 and May 2001. Singapore is an urban-city state and the majority of children attend 'normal' schools; whereas children with mental retardation (IQ < 70) often attend 'special' schools. This cohort was part of the Singapore Cohort Study Of Risk Factors for Myopia (SCORM). The children were in Grades 1 to 3 (7 to 9 years old) at baseline and were followed yearly thereafter. The IQ data from the follow-up in 2002 (children in Grades 2 to 5) were included (Saw et al., 2001; Saw et al., 2004) . Children with serious chronic medical conditions (e.g. heart disorders, cancer, chronic eye conditions) were excluded from the study (n = 94). The study was approved by the Singapore Eye Research Institute Ethics Committee and the tenets of the declaration of Helsinki were observed. All parents provided written informed consent and children provided written assent.
Measures of birth parameters
Birth history data were obtained from documented medical record booklets. In Singapore, the hospital physician or nurse records details of the birth history at or shortly after the time of parturition. Birth parameters include birth length (cm), birth weight (kg), head circumference (cm) and gestational age (weeks). For children without this information from medical record booklets (n = 211), gestational data were obtained from the National Birth and Death Registry. This registry captures information recorded on birth certificates by hospital personnel. A validation study of 911 children with gestational data from both medical record booklets and the National Birth and Death Registry revealed a Spearman correlation coefficient of +0.92.
Measures of IQ
Children who participated in the SCORM study completed the Raven's Standard Progressive Matrices (RPM), a widely used test of non-verbal reasoning ability, during the follow-up in 2002 (Grades 2 to 6) (Raven et al., 1998) . The RPM aims to assess the visual alertness, spatial and abstract pattern-recognition abilities. It was group administered by a team led by a psychologist at the schools' premises during regular school hours; the duration of the assessment was less than 1 hour. Instruction was given in English, which is the language of education in Singapore. The scoring was completed manually by a trained psychologist. The RPM has shown acceptable test-retest reliability coefficients ranging from 0.76 to 0.91 in various cross-cultural studies of intelligence. While the RPM offers greater brevity, the validity is comparable with conventional tests. Various studies conducted among children and adolescents showed good to excellent correlation, ranging from 0.70 to 0.92, to conventional tests of intelligence such as the Wechsler Intelligence Scale for Children (WISC) (Barrat, 1956 ).
Measurement of other variables
Parents completed a baseline questionnaire in English or Chinese. Questions included demographic information, mother's age at birth of the child, family size, birth order, parental smoking status, and indicators of socioeconomic status (parental education level, parental jobs, parental income, housing and school of the child). Ethnicity was assessed by asking the parents to classify his or her ethnicity in the following groups: Chinese, Malay, Indian, Eurasian, or others. Ethnicity of the child was determined by using the father's reported ethnicity, according to the definition adopted by the Singapore Population Census 2000 (www.singstat.gov.sg/statsres/glossary/population.html).
The height of the child was measured against a vertical scale (measuring tape) fixed to the wall. The children were asked to stand without shoes and height was taken with a headpiece held perpendicular to the crown of the head. Body Mass Index (BMI) was calculated as the weight divided by the square of the height (kg/m2).
Statistics
The association between birth length, birth weight, head circumference, and gestational age and IQ were analyzed as continuous variables in multivariable linear regression models. Adjustments were made for age, gender, ethnicity, gestational age, school, mother's education, mother's age at birth, BMI, parental smoking, family size, and birth order, based on prior knowledge that these variables were potential confounders. Linear trend tests were performed by assigning consecutive integers to each group and regressing the dependent variable on this new score. All analyses were then repeated among children with 'normal' birth weight (> 2.5 kg and < 4 kg), 'normal' head circumference (> 32 cm and < 36 cm), and 'normal' gestational age (≥ 37 weeks) to verify that the associations were not driven by the lowest or highest birth weights or head circumferences or by prematurity. Besides adjustment for ethnicity, all the analyses were repeated in 1253 Chinese children alone to exclude the influence of ethnicity. Although this study is not a sibling study, sibship analyses with the paired t-test were performed in all the sibs within this study (n = 125) to exclude the role of residual confounders. All P values were two-tailed and considered statistically significant when the values were below 0.05. All statistical procedures used SPSS version 16.0 (SPSS Inc, Chicago, USA).
Results
Of the 1979 children, 16.8% (n = 334) was lost to follow-up at the 2002 visit for IQ. They were excluded, and thus the total number analyzed was 1645. The children lost to followup were not different from the children who remained in the study, except for ethnicity (P = .01), family size and birth order (P < .001) ( Table 1 ). The ethnicity is reflective of the ethnic mix of the Singaporean population. Children without birth weight data had a significantly lower IQ in comparison with children with birth weight data (P = .03). Children with missing birth length data had a significant lower birth weight (P = .02) and gestational age (P < .001) compared with children with birth length data. For the total population the mean age at the time of the administration of the IQ test was 9.8 (SD: 1.2) years, the mean birth length 49.1 (SD: 2.4) cm, the mean birth weight 3.2 (SD: 0.5) kg, the mean head circumference at birth 33.6 (SD: 1.7) cm, the mean gestational age 38.5 (SD: 1.7) weeks and the mean child BMI 18.0 (SD: 3.6). The mean non-adjusted IQ (at the mean age of 9.8 years) was 114.2 (75.0-129.0). There was no difference by gender between mean IQ scores (P = .68) and gestational ages (P = .87), but boys had significantly higher birth weights (P = .01), birth lengths (P < .000), head circumferences (P < .000) and BMI's (P < .000). The proportion of children born with low birth weight (< 2.5 kg) was 6.7% (n = 110) and the proportion of children with a gestational age < 37 weeks was 8.3% (n = 137) of the total population. The Spearman correlation coefficient of birth weight with birth length was +0.70, of birth weight and head circumference +0.59, and birth weight with gestational age +0.36 (all P < .01). The relations between birth length, birth weight, head circumference and IQ are depicted in Table 2 . The results of the multivariate adjusted model revealed that, for every 1 cm increment in birth length, 1 kg in birth weight, and 1 cm in head circumference, there was a corresponding increase in IQ of 0.49 points, 2.19 points and 0.62 points respectively. After exclusion of children with extreme birth weights (< 2.5 kg or > 4 kg), extreme head circumferences (< 32 cm or > 36 cm) and prematurity (< 37 weeks), these associations became even stronger; 0.50 points, 2.70 points and 0.96 points, respectively (Table 2) . Additional analyses were performed to examine the effects of the confounders plus the base descriptive model; it was found that additional adjustment for specific confounders such as maternal smoking, birth order, family size, and BMI showed an increased strength of the relationships between birth parameters and IQ. The influence of birth size on intelligence in healthy children Table 2 The mean differences in IQ between the smallest and largest babies were all significant in 4 different models, although the mean difference in the multivariate adjusted model was the greatest. After exclusion of children with extreme birth parameters, the mean difference increased to respectively 2.7 points (P = .005) between the highest and lowest category for birth length and birth weight and 3.8 points (P < .001) between the highest and lowest category for birth weight and head circumference (Table 3) . No interaction between birth weight and birth length was found on IQ (P = .49). IQ was not associated with gestational age (estimate: 0.05 [95% confidence interval (CI): -0.32 to 0.41]), even after adjusting for multiple variables in the populations, including and excluding children with extreme birth parameters and prematurity. The mean multivariate adjusted IQ was 108.7; for children born with a gestational age < 37 weeks 107.7 compared to 108.8 for children born with a gestational age of ≥ 37 weeks (P for trend = .34). Multivariate regression analyses for 1253 Chinese children alone showed that for every unit increment of birth length, birth weight, and head circumference, the IQ increased by 0.36, 1.78, and 0.37 points, respectively. The same trends were present when children with extreme birth parameters and prematurity were excluded. An additional analysis was conducted of 165 sibling pairs that were part of this cohort. Notwithstanding the small sample size (n =111), the paired t test analyses (95% CI on age) showed a significant relation between birth length and IQ scores (P = .044) with a mean IQ score of 112.57 (SD: 12.04) for the shortest sib at birth and 115.06 (SD: 11.56) for the longest sib at birth. The relationships between birth weight (n = 123) and birth head circumference (n = 104) showed the same trend of a higher IQ for the sibling with a larger birth size, although statistical significance was not reached (P = .29 and P = .46, respectively), probably due to lack of power. There was no difference in IQ between the eldest and youngest sibling (n = 125, P = .92).
Discussion
In this population of Asian children, longer birth lengths, increased birth weights or larger head circumferences within the normal range are significantly associated with higher IQ scores, even after adjustment for multiple potential confounders. This was seen in children with 'normal' birth weight (> 2.5 kg and < 4 kg), 'normal' head circumference at birth (> 32 cm and < 36 cm), and 'normal' gestational age (≥ 37 weeks). Our findings support the concept that improved fetal growth predicts increased IQ at school age, across the entire population. Our study emphasizes the importance not merely of conditions that severely constrain fetal growth but rather the entire range of factors that influence maternal-fetal health. Hence, even small differences in birth length, birth weight, and head size, within the normal birth size range, could be a sign of alterations in the fetal environment affecting its development. Our findings suggest that antenatal factors reflected in altered rates of growth but within the normative range of pregnancy experiences play a role in generating cognitive potential. The associations found between childhood IQ and birth weight and head circumference are consistent with some previous Western studies, although this is the first study reporting a positive relationship with IQ later in childhood (IQ beyond 4 years), perhaps due to the larger sample size (Gale et al., 2004; Gale et al., 2006; Matte et al., 2001 ). However to date, only Eide et al. (2007) reported a positive association between birth length in the normal range and IQ in a large sample of 18 year old males (Eide et al., 2007) , which may not be representative for the whole population. Our finding that birth length, more so than other birth parameters, remains significant in sibship analyses suggests that birth length may better reflect the phases of fetal growth related to later cognitive function. Since fetal length increases mainly in the second trimester (Villar and Belizan, 1982) , this suggests that influences operative during this period of fetal development have lasting effects on cognitive ability. Such phases, particularly mid-gestation, are critical in humans for the development of cortical layers that inevitably participate in higher cognitive functions (Kostovic and Rakic, 1990) . Life history theory suggests that developing organisms make tradeoffs in growth, development and reproduction to maximize their potential in the environment they will reproduce in. This concept has been extended to consideration of how the human fetus responds to a disturbed environment (Gluckman and Hanson, 2004; Gluckman et al., 2007) . It is suggested that the processes of developmental plasticity operate such that the fetus, in an environment in which nutrient delivery is uncertain or where glucocorticoid levels are high (suggesting maternal stress), makes life history adjustments in anticipation of a threatening environment and a shorter life (Bateson et al., 2004) . Such offspring will invest less in growth, repair mechanisms and in reserve tissues such as excess neuron and synaptic capacity.
Evidence from a number of clinical and non-clinical samples suggests that the endocrine conditions that constrain fetal growth might directly compromise neural development, resulting in the observed relation between fetal growth and IQ. One possible pathway is through changes in the hypothalamic-pituitary-adrenal axis. Among human newborns, increased umbilical cord levels of glucocorticoids are associated with growth restriction (Goland et al., 1993; Schneider et al., 2002) . Also studies with rodent models reveal that increased glucocorticoid exposure during fetal development recapitulates the clinical physiology associated with low birth weight in humans, including cognitive deficits (Meaney et al., 2007) . Glucocorticoids antagonize the anabolic effects of growth hormone through disruption in the insulin-like growth factor (IGF-I) pathway (Seckl and Holmes, 2007) . IGF-1 expression in fetal tissues play a critical role in growth regulation and organ development like brain development, and can affect neurogenesis, providing a possible link (Meaney et al., 2007) . A preliminary magnetic resonance study reported a significant relation between birth weight and hippocampal volume in humans (Buss et al., 2007) . Interestingly, this relation was modulated by measures of postnatal parenting consistent with the idea that the consequences of fetal adversity are subject to subsequent modification by factors operating during later stages of development (Gluckman et al., 2007; Meaney et al., 2007) . The major strengths of this study are the use of several birth parameters, as surrogates of fetal growth, the large sample size with high follow-up rate and the use of a well-validated IQ test, which measures non-verbal abilities, minimizing the effects of language and culture. Limitations include possible selection biases due to lost to follow up, missing birth parameter data and demographic differences between included and excluded children. Previous studies showed that environmental factors seem to weaken the association between birth weight and cognitive skills (Gluckman and Hanson, 2006) . Our sibship analyses were done to exclude family environmental factors. Finally, although we adjusted for a range of covariates which were strongly associated with IQ and birth size in our study, residual confounding may exist as some other covariates of interest, such as maternal height, were not measured.
The findings of the current study reveal the effects of fetal growth on intelligence across the entire range of the population and have implications for designing early intervention and preventative programs, which may increase public health, education, and economic benefits. First of all it stresses the need for interventions based on the improvement of obstetric and neonatal care with enhanced prenatal care services as well as psychosocial support and nutritional support for mothers to enhance the probability of optimal fetal development. Such approaches to maternal-fetal health are critical since it is known that even small differences in IQ may have important societal implications like academic success in childhood, employment success, and income in later life; and even associations with public health and mortality have been reported (Batty and Deary, 2004; Victora et al., 2008) . Hence, small shifts in the distribution of birth size in normal size babies may have a huge impact at the population level, because of the large proportion of normal births. In contrast, normal size birth children who are born with a suboptimal birth size may have a greater potential to increase their cognitive enhancement with postnatal interventions such as promotion of breastfeeding (Kramer et al., 2008) and supportive strategies to improve community nutrition.
Conclusions
Longer birth length, higher birth weight, or larger head circumferences, within the normal birth size range, are associated with higher IQ scores in Asian children. Our results suggest that antenatal factors reflected in altered rates of growth but within the normative range of pregnancy experiences play a role in generating cognitive potential. This has implications for targeting early intervention and preventative programs (Bhutta et al., 2008; Jolly, 2007) . Future studies in normal birth sized children are needed to explore the connections between variations in fetal growth, brain development and the potential influence of gene x environmental interactions.
